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W\SHRIEHDPPRYHPHQWLVWKDWLWFKDQJHVWKHDQJOHRILQFLGHQFHRIWKHEHDPRQWKHZRUNSLHFH$VWKHVWDELOLW\RI
WKHFXWFDQEHDIIHFWHGE\ WKHDQJOHRI LQFLGHQFH LW LVQHFHVVDU\ WR LGHQWLI\ WKHH[WHQW WRZKLFK WKHEHDPFDQEH
PRYHGE\DQJOLQJWKHFXWWLQJKHDGIRUUHPRWHFXWWLQJSURFHVVHV
,Q UHPRWH IXVLRQ FXWWLQJ 5)& D FXW LV DFKLHYHGE\ ILQGLQJ FXWWLQJ SDUDPHWHUVZKHUH ODVHU LQGXFHG SUHVVXUH
SKHQRPHQDHMHFWWKHPROWHQPDWHULDOIURPWKHFXWWLQJNHUIVHHIRUH[DPSOH0DWWLHWDO7KHFXWLVDFKLHYHG
ZLWKRQHH[SRVXUHRIWKHEHDPZKHUHDVLQUHPRWHDEODWLRQFXWWLQJWKHEHDPQHHGVWREHVFDQQHGRYHUWKHZRUNSLHFH
UHSHDWHGO\ +RZHYHU WKH 5)& SURFHVV LV VRPHWLPHV GHVFULEHG DV XQVWDEOH IRU FHUWDLQ PDWHULDOV DQG SDUDPHWHUV
3LKODYDHWDO,QFRQVLGHULQJWKHVWDELOLW\RI5)&UHODWHGWRFKDQJHVLQWKHLQFLGHQWDQJOH9LOOXPVHQHWDO
KDYHVKRZQWKDWZLWKDN:VLQJOHPRGHILEHUODVHUVHWXSVWDEOHFXWVFRXOGRQO\EHREWDLQHGIRUż7R
LQFUHDVH WKH UHSHDWDELOLW\ RI WKH SURFHVV PRUH NQRZOHGJH RI KRZ WKH PHOW HMHFWLRQ LV REWDLQHG LV QHFHVVDU\
&XUUHQWO\PRGHOOLQJRIWKHODVHUSURFHVVLVEHLQJXVHGDVDZD\WRLPSURYHWKLVNQRZOHGJH=DHKHWDO
,Q2OVHQHWDODQGLWLVGLVFXVVHGWKDWWKHPHOWIORZLQWKHNHUIFDQEHPDQLSXODWHGE\FKDQJLQJWKH
EHDP LQWHQVLW\SURILOH%\ VHOHFWLQJDQDSSURSULDWH LQWHQVLW\SDWWHUQ WKHPHOW HMHFWLRQRI UHPRWHDQGJDV DVVLVWHG
FXWWLQJFDQEHLPSURYHG,PSURYLQJWKHPHOWHMHFWLRQFDQLQFUHDVHWKHFXWTXDOLW\DQGSRVVLEO\WKHWUDYHOVSHHG7KH
WDVNRIGHWHUPLQLQJDQDSSURSULDWHLQWHQVLW\SDWWHUQLVKRZHYHUFKDOOHQJLQJDVWKHUHLVDQLQILQLWHQXPEHURISRVVLEOH
GHVLJQV )XUWKHUPRUH WKH VL]H RI WKH VKDSHG EHDP LV ODUJHU WKDQ WKH UDZ ODVHU EHDP ,I QRW DFFRXQWHG IRU LQ WKH
RSWLFDOVHWXSWKLVOHDGVWRPRUHPDWHULDOEHLQJPHOWHGDQGDVDFRQVHTXHQFHVORZHUFXWWLQJUDWHV9LOOXPVHQHWDO
1RQHWKHOHVVWKHDSSURDFKKDVEHHQXVHGVXFFHVVIXOO\IRUERWKODVHUFXWWLQJDQGZHOGLQJ.DDNNXQHQHWDO
VKRZWKDWE\GLYLGLQJWKHEHDPLQWRPXOWLSOHVSRWVLWLVSRVVLEOHWRHQKDQFHWKHFXWWLQJTXDOLW\DQGGHFUHDVH
WKHFXWWLQJJDVSUHVVXUHUHTXLUHGIRUJDVDVVLVWHGODVHUFXWWLQJ9LFWRUHWDOVKRZWKDWLQKLJKSRZHUN:
ILEHU ODVHUZHOGLQJ WKHZHOG WRH DQJOH FDQ EH LPSURYHG E\ VKDSLQJ WKH ODVHU XVLQJ D GLIIUDFWLYH RSWLFDO HOHPHQW
'2(+DQVHQHWDOVKRZWKDWE\DSSO\LQJEHDPVKDSLQJWKURXJKWKHXVHRID'2(LWLVSRVVLEOHWRLQFUHDVH
FRQWURORYHUWKHVL]HDQGGHSWKRIWKHZHOGSRROIRUODVHUZHOGLQJ
7KLVSDSHULQYHVWLJDWHVWKHVWDELOLW\RIUHPRWHODVHUFXWWLQJZLWKDFXVWRPL]HGEHDPLQWHQVLW\SDWWHUQREWDLQHGE\
XVLQJD'2(LQVHUWHGLQWKHEHDPSDWK7KHLQYHVWLJDWLRQGHVFULEHVKRZWKHWUDYHOVSHHGIRFXVRIIVHWDQGDQJOHRI
LQFLGHQFHDIIHFWVWKHVWDELOLW\RIWKHUHVXOWLQJUHPRWH'2(FXWWLQJSURFHVV)XUWKHUPRUHWKLVLVFRPSDUHGWRDQRWKHU
VLQJOHSDVVUHPRWHODVHUFXWWLQJSURFHVV5)&
7KLVSDSHULVRUJDQL]HGDVIROORZV,Q6HFWLRQWKHGHILQLWLRQVDQGPHWKRGRORJ\DUHLQWURGXFHG7KLVLQFOXGHV
GHVFULSWLRQV RI WKH DQJXODU GHFRPSRVLWLRQ WKH VWDELOLW\ PHDVXUH DQG WKH H[SHULPHQWDO VHWXS DQG H[SHULPHQWDO
SURFHGXUH,Q6HFWLRQWKHUHVXOWVRIWKHH[SHULPHQWVDUHSUHVHQWHGDQGFRPSDUHGZLWKWKHHDUOLHUUHVXOWVREWDLQHG
IRU5)&SUHVHQWHGLQ9LOOXPVHQHWDO,Q6HFWLRQVRPHFRQFOXGLQJUHPDUNVDUHSUHVHQWHG
)LJ7KHGHFRPSRVLWLRQRIWKHDQJOHRILQFLGHQFHXVHGLQWKLVSDSHU7KHDQJOHLVGHFRPSRVHGLQWRGHILQLWLRQRIWKHZRUNDQJOHȕDQGWKHWUDYHO
DQJOHĮ7KHDUURZLQGLFDWHVWKHFXWWLQJGLUHFWLRQ
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'HILQLWLRQVDQG0HWKRGRORJ\
,Q WKH IROORZLQJ D GHILQLWLRQ RI VWDELOLW\ LV SUHVHQWHG DORQJ ZLWK D GHILQLWLRQ RI WKH DQJXODU UHSUHVHQWDWLRQ
6XEVHTXHQWO\WKHH[SHULPHQWDOSURFHGXUHLVGHVFULEHGDVDUHWKH'2(SDWWHUQDQGFXWWLQJSDUDPHWHUV
2.1. Definition of angular representation 
,QWKLVSDSHUWKHDQJOHRILQFLGHQFHRIWKHODVHUEHDPLVUHSUHVHQWHGE\DZRUNDQGWUDYHODQJOHDVGHVFULEHGLQ
9LOOXPVHQHWDO7KLVGHFRPSRVLWLRQFDQEHVHHQIURP)LJZKHUHWKHWUDYHODQJOHLVGHQRWHGĮDQGWKHZRUN
DQJOHȕ)LJVKRZVWKDWERWKĮDQGȕDUHGHILQHGDVWKHDQJXODUGHYLDWLRQIURPWKHQRUPDOYHFWRURIWKHVXUIDFHRI
WKHZRUNSLHFH
2.2. Definition of the measure of stability  
7RDFKLHYHDTXDQWLWDWLYHPHDVXUHFXWVWDELOLW\LVGHILQHGRQWKHEDVLVRIWKHDELOLW\RIWKHFXWWLQJSURFHVVWRHMHFW
PROWHQPDWHULDOIURPWKHFXWWLQJNHUIDVGHVFULEHGLQ9LOOXPVHQHWDO7KLVPHDQVWKDWVWDEOHVHFWLRQVDUH
FKDUDFWHUL]HGE\DQXQEORFNHGFXWWLQJNHUIDQGXQVWDEOHVHFWLRQVE\DEORFNHGFXWWLQJNHUI,IWKHWRWDOOHQJWKRIWKH
FXWWLQJNHUILVGHQRWHG݈஼ DQGWKHWRWDOOHQJWKRIWKHVWDEOHUHJLRQVLVGHQRWHG݈ௌ WKHQWKHWRWDOVWDELOLW\RIDFXWFDQ
EHHYDOXDWHGDVDSHUFHQWDJHDVLQHTXDWLRQ

ܵ ൌ ௟ೄ
௟಴
ή ͳͲͲΨ         

,QVPDOOVHFWLRQVWKHFXWWLQJNHUIFDQEHFRPHSDUWLDOO\XQEORFNHGGXHIRUH[DPSOHWRWXUEXOHQFHLQWKHPHOW7R
HQVXUH WKDW WKHVH VPDOO VHFWLRQV DUH UHPRYHG DPLQLPXP VWDELOLW\ OHQJWK RI݈௠௜௡LV LQWURGXFHG ,I DQ XQEORFNHG
VHFWLRQVKRUWHUWKDQ݈௠௜௡LVIRXQGLWLVUHPRYHGDQGWUHDWHGDVXQVWDEOH%\WXQLQJWKHGLVWDQFH݈௠௜௡LWLVSRVVLEOHWR
ILOWHU RXW VSXULRXV KROHV LQ WKH NHUIZKLOH VWLOO HQVXULQJ WKDW VPDOO VWDEOH VHFWLRQV DUH WDNHQ LQWR DFFRXQW ,I WKLV
GHILQLWLRQLVXVHGWKHVWDELOLW\RIDFXWFDQEHHYDOXDWHGSXUHO\E\LQYHVWLJDWLQJLWVFXWWLQJNHUI7KLVHQVXUHVWKDWDOO
VWDELOLW\HYDOXDWLRQVFDQEHFRQGXFWHGE\YLVXDOLQVSHFWLRQZLWKRXWWKHQHHGWRPRQLWRUWKHFXWWLQJSURFHVVLWVHOI
2.3. Evaluation of stability 
7R HQVXUH D XQLIRUP ZD\ RI DVVHVVLQJ WKH FXWWLQJ VWDELOLW\ IRU D VHW RI H[SHULPHQWV DQ DXWRPDWHG VWDELOLW\
HYDOXDWLRQZDVXVHG7KHILUVWVWHSLQWKHVWDELOLW\HYDOXDWLRQZDVWRFDSWXUHLPDJHVRIWKHHQWLUHFXWWLQJNHUIRQDOO
VDPSOHV 7KLVZDV GRQH XVLQJ D SURJUDPPDEOH &DUO =HLVV$[LR LPDJHUPLFURVFRSHZLWK DQ [ REMHFWLYH  $Q
H[DPSOHRI WKH UHVXOWLQJ FXWWLQJNHUI LPDJHVRI D FXW FDQEH VHHQ LQ)LJ7KHVH LPDJHVZHUH WKHQ H[SRUWHG WR
0DWODELQZKLFKDQLPDJHVWLWFKLQJDOJRULWKPKDGEHHQLPSOHPHQWHG%\XVLQJWKLVLPDJHVWLWFKLQJDOJRULWKPWKH
LPDJHV VHHQ LQ )LJ  ZHUH FRQFDWHQDWHG LQWR RQH ODUJH LPDJH 7KLV FDQ EH VHHQ LQ )LJ  7R DQDO\]H WKH FXW
VWDELOLW\ D FRPSXWHU YLVLRQ EDVHG DOJRULWKP ZDV LPSOHPHQWHG LQ 0DWODE JLYLQJ WZR UHVXOWV ILUVW D VWDELOLW\
PHDVXUHGHILQHGDVDSHUFHQWDJHRIWKHFXWZLWKDQXQEORFNHGFXWWLQJNHUIDQGVHFRQGWKHVWLWFKHGLPDJHZLWKD
FRORURYHUOD\VKRZLQJDUHDVRIVWDELOLW\DQGLQVWDELOLW\)LJVKRZVWKHUHVXOWLQJRYHUOD\REWDLQHGIURPWKHDQDO\VLV
RI)LJ$PRUHWKURXJKGHVFULSWLRQRIWKHV\VWHPLVJLYHQLQ9LOOXPVHQHWDO
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
2.4. Experimental procedure 
7ZR VHWV RI H[SHULPHQWV ZHUH FRQGXFWHG WR HYDOXDWH WKH VWDELOLW\ RI WKH UHPRWH '2( FXWWLQJ SURFHVV %RWK
H[SHULPHQWDOVHULHVZHUHFRQGXFWHGDVSDUDPHWHUVWXGLHV7KHILUVWH[SHULPHQWDOVHULHVLQYHVWLJDWHGKRZWUDYHOVSHHG
DQG IRFXVRIIVHWDIIHFWHG WKH VWDELOLW\RI WKHFXWWLQJSURFHVV2Q WKHEDVLVRI WKH UHVXOWVRI WKHVHH[SHULPHQWV WKH
SDUDPHWHUV\LHOGLQJWKHPRVWVWDEOHFXWVZHUHXVHGIRUWKHVHFRQGVHWRIH[SHULPHQWV7KHVHFRQGVHWRIH[SHULPHQWV
LQYHVWLJDWHGKRZWKHZRUNDQGWUDYHODQJOHDIIHFWHGWKHVWDELOLW\RIWKHFXW7KLVH[SHULPHQWDOVWUXFWXUHFDQEHVHHQ
LQ)LJ
7KHVHWZRVHWVRIH[SHULPHQWVXVHGWKHH[SHULPHQWDOVHWXSLOOXVWUDWHGLQ)LJ$FXWWLQJKHDGZDVPRXQWHGRQ
DQ LQGXVWULDO URERW  7KH FXWWLQJKHDG FRQWDLQHG WKH WUDGLWLRQDO RSWLFDO FRPSRQHQWV VXFK DV D FROOLPDWLQJ OHQV D
IRFXVLQJOHQVDQGFRYHUVOLGHV7RREWDLQWKHFXVWRPL]HGLQWHQVLW\SURILOHDGLIIUDFWLYHRSWLFDOHOHPHQWZDVLQVHUWHG
LQWKHFROOLPDWHGEHDPLQWKHFXWWLQJKHDG
)LJ7KHH[SHULPHQWDOSURFHGXUHSUHVHQWHGLQWKLVSDSHU7ZRVHWVRIH[SHULPHQWVZHUHFRQGXFWHG,QWKHILUVWVHWWKHVWDELOLW\RIWKHUHPRWH
FXWWLQJSURFHVZDVHYDOXDWHGDVDIXQFWLRQRIWKHWUDYHOVSHHGDQGIRFXVRIIVHW,QWKHVHFRQGVHWRIH[SHULPHQWVWKHVWDELOLW\ZDVHYDOXDWHGDVD
IXQFWLRQRIWKHLQFLGHQWDQJOHRIWKHODVHUEHDP7KHUHVXOWVZHUHREWDLQHGE\DQDXWRPDWLFPHDVXUHPHQWV\VWHP
)LJ$VHWRILPDJHVFDSWXUHGE\WKHSURJUDPPDEOHPLFURVFRSH$WRWDORILPDJHVZDVQHFHVVDU\WRREWDLQLPDJHVRIWKHHQWLUHNHUI7KH
ILUVWDQGWKHODVWZHUHUHPRYHGWRHQVXUHWKDWRQO\LPDJHVRIWKHFXWWLQJNHUIVZHUHSUHVHQW
)LJ7KHUHVXOWLQJVWLWFKHGLPDJHREWDLQHGIURPWKHLQGLYLGXDOLPDJHVVHHQLQ)LJ7KHUHVXOWLQJLPDJHKDVEHHQFRQYHUWHGWRJUD\VFDOHWR
UHGXFHWKHFRPSXWDWLRQDOORDGLQWKHVXEVHTXHQWVWHSV
)LJ7KHVWLWFKHGLPDJHVHHQLQ)LJZLWKDQDSSOLHGRYHUOD\RIFRORUGHVFULELQJWKHDUHDVRIVWDELOLW\JUHHQDQGWKHDUHDVRILQVWDELOLW\UHG
7KHRYHUOD\ZDVXVHGSXUHO\IRUPDQXDOLQVSHFWLRQ7KHRXWSXWXVHGZDVWKHVWDELOLW\PHDVXUHGHVFULEHGLQVHFWLRQ
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7R SUHYHQW GXVW DQG HMHFWHG PROWHQ PDWHULDO IURP HQWHULQJ WKH FXWWLQJ KHDG FRPSUHVVHG DLU ZDV DSSOLHG
)XUWKHUPRUHDFURVVMHWZDVDSSOLHGIRUIXUWKHUSURWHFWLRQ,WVKRXOGEHQRWHGWKDWFRPSUHVVHGDLUZDVRQO\DSSOLHG
IRUSURWHFWLRQSXUSRVHV DQGQRW DV D FXWWLQJJDV ,Q DOO H[SHULPHQWV WKHPRYHPHQWVZHUH FRQGXFWHGZLWK DQ;<
WDEOH VLWXDWHG XQGHUQHDWK WKH FXWWLQJ KHDG 7DEOH  SURYLGHV D VXPPDU\ RI WKH HTXLSPHQW DQG FRPPRQ FXWWLQJ
SDUDPHWHUVXVHGLQDOOH[SHULPHQWV
7DEOH(TXLSPHQWDQGFRPPRQFXWWLQJSDUDPHWHUV,WVKRXOGEHQRWHGWKDWWKHPRGHRIRSHUDWLRQRIWKHODVHUZDVSXOVHG
(TXLSPHQW 7\SHDQGPDQXIDFWXUHU  3DUDPHWHU 9DOXH
,QGXVWULDOURERW .8.$4XDQWHFNU5  3RZHU N:
/DVHU N:,3*</66LQJOH
PRGH
 0DWHULDO 667(17\SH;&U1L
1R
&XWWLQJKHDG +LJK<DJPPIRFDOOHQJWK  7KLFNQHVV PP
;<SRVLWLRQLQJV\VWHP 4V\V  &XWWLQJJDVSUHVVXUH %DU$LUFURVVMHW
   /DVHUPRGHRIRSHUDWLRQ 3XOVHGGXW\F\FOH
$VWKHWDEOHLQGLFDWHVWKHPRGHRIRSHUDWLRQRIWKHODVHUZDVSXOVHG7KHGXW\F\FOHZDVZKLFKPHDQVWKDW
WKHODVHUZDVHPLWWLQJDQDYHUDJHSRZHURI:
2.5. Beam pattern 
$VGLVFXVVHGLQWKHLQWURGXFWLRQWRWKLVSDSHUDQGLQ6HFWLRQDGLIIUDFWLYHRSWLFDOHOHPHQW'2(ZDVLQVHUWHG
LQWRWKHFXWWLQJKHDGDIWHUWKHFROOLPDWLQJOHQV7KH'2(ZDVPDQXIDFWXUHGE\WKHFRPSDQ\,,9,IURP]LQFVXOILGH
SURFHVVHG E\ GLDPRQG WXUQLQJ %\ LQVHUWLQJ WKH '2( LQWR WKH EHDP SDWK WKH DSSUR[LPDWHO\ *DXVVLDQ LQWHQVLW\
SURILOHGHSLFWHGRQ)LJZDVWUDQVIRUPHGLQWRWKHGLVWULEXWLRQVHHQRQ)LJ%RWKLQWHQVLW\SURILOHVZHUHFDSWXUHG
E\WKHPHDVXUHPHQWHTXLSPHQWGHVFULEHGLQ+DQVHQHWDO7KHFXWWLQJGLUHFWLRQRIWKHSDWWHUQVKRZQLQ)LJ
ZDVXSZDUGV


)LJ7KHH[SHULPHQWDOVHWXSXVHGLQWKHH[SHULPHQWV7KHGLIIUDFWLYHRSWLFDOHOHPHQW'2(ZDVLQVHUWHGLQWKHFROOLPDWHGEHDPSDWK
)XUWKHUPRUHLWVKRXOGEHQRWHGWKDWFRPSUHVVHGDLUZDVRQO\XVHGIRUSURWHFWLQJWKHRSWLFVDQGQRWDVDFXWWLQJJDV
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
7KHLGHDEHKLQGWKHXVHRIEHDPSDWWHUQVIRUUHPRWHFXWWLQJRULJLQDWHVIURPWKHNQRZOHGJHRIWKHPHOWIORZLQ
WUDGLWLRQDONH\KROHODVHUFXWWLQJDQGZHOGLQJ+HUHWKHGRPLQDQWGLUHFWLRQRIWKHPHOWIORZLVKRUL]RQWDODURXQGWKH
ODVHU EHDP 3UHLVVLJ HW DO  ,Q UHPRWH IXVLRQ FXWWLQJ WKLV KRUL]RQWDO IORZ LV FRPELQHGZLWK D GRZQZDUGV
PRWLRQRIWKHPHOWGXHWRWKHYDSRUSUHVVXUHLQWKHSURFHVVLQJDUHD6FKREHUHWDO7KLVHVVHQWLDOO\PHDQVWKDW
PHOWIORZLQODVHUFXWWLQJDQGZHOGLQJFDQEHJXLGHGE\DSSO\LQJPHOWJXLGLQJODVHULUUDGLDWLRQLQWKHFXWWLQJNHUI
%\ FKRRVLQJ DQ DSSURSULDWH LQWHQVLW\ GLVWULEXWLRQ D PRUH HIILFLHQW PHOW HMHFWLRQ FDQ EH REWDLQHG  7KH HQHUJ\
GLVWULEXWLRQSUHVHQWHGLQ)LJLVDUHILQHPHQWRIWKHZRUNSUHVHQWHGLQ2OVHQHWDODQGDQG9LOOXPVHQ
HWDO
7KHZLGWKRI WKHSDWWHUQFDQEHVHHQWREHDSSUR[LPDWHO\ȝP3LKODYDHWDOKDYHUHSRUWHG  WKDW WKH
FXWWLQJNHUI IRU5)&H[FHHGVȝP LQD00ILEHU ODVHU VHWXS+RZHYHU IRU5)&FRQGXFWHGZLWK VLQJOHPRGH
ILEHU ODVHUV QDUURZHU NHUIV KDYH EHHQ UHSRUWHG ,Q.ULVWLDQVHQ HW DO  LW LV UHSRUWHG WKDW FXWWLQJ NHUIZLGWKV
UDQJLQJ IURP ȝPZHUH REWDLQHG7KH H[SHULPHQWDO VHWXSXVHGZHUH LGHQWLFDO WR WKH RQHSUHVHQWHGKHUH
H[FHSWIRUWKHSUHVHQFHRIWKH'2(7KLVPHDQVWKDWWKHSDWWHUQVL]HDSSUR[LPDWHO\HTXDOVWKHFXWWLQJNHUIZLGWKIRU
5)&RQD60ILEHUODVHU
7KH VKDSH RI WKH LQWHQVLW\ GLVWULEXWLRQ VKRZQ LQ )LJ  RULJLQDWHV IURP DQ LWHUDWLYH GHVLJQ SURFHVV LQ ZKLFK
VHYHUDOEHDPGHVLJQVKDYHEHHQLQYHVWLJDWHG7KHVKDSHLVFRPSRVHGRIWKUHHPDLQFRPSRQHQWVDPHOWEHDPDDOLG
EHDPEDQGWZRWUDLOLQJEHDPVF7KHPHOWEHDPIRUPVDNH\KROHDURXQGZKLFKWKHPDWHULDOIORZV7KHOLGEHDP
LQGXFHVDYDSRUSUHVVXUHWKDWIRUFHVWKHPROWHQPDWHULDOGRZQZDUGV7KHWUDLOLQJEHDPVDUHXVHGIRUIXUWKHUJXLGLQJ
WKHPHOWDQGFXWHGJHWULPPLQJ7KHSDWWHUQVKRZQLQ)LJVKRZVWKHEHDPPPDZD\IURPWKHEHDPZDLVWDV
FXWVKDYHEHHQREWDLQHGLQWKLVIRFXVDUHDDQGDVWKHWKUHHEHDPFRPSRQHQWVDFDUHHDVLHUWRVHSDUDWHKHUH
2.6. Experiment 1: Effects of beam diameter and travel speed on process stability 
$V)LJLQGLFDWHVH[SHULPHQWLQYHVWLJDWHGWKHHIIHFWRIIRFXVRIIVHWYDULDWLRQVDQGWUDYHOVSHHGRQWKHVWDELOLW\
RIWKHUHPRWH'2(FXWWLQJSURFHVV7KLVZDVDFKLHYHGE\PHDQVRIDSDUDPHWHUVWXG\LQZKLFKĮDQGȕZHUHNHSW
FRQVWDQW DW ż 7KH IRFXV RIIVHWZDV DGMXVWHG E\PRYLQJ WKH FXWWLQJ KHDG PP DW D WLPH 7KH WUDYHO VSHHGZDV
FKDQJHGE\DGMXVWLQJWKH*FRGHSURJUDPXVHGIRUSURJUDPPLQJWKH;<SRVLWLRQLQJV\VWHP7KLVLVVXPPDUL]HGLQ
7DEOH
7DEOH7DEOHGHVFULELQJWKHSURFHVVYDULDEOHVIRUH[SHULPHQW,WHPVPDUNHGE\DLQGLFDWHWKDWWKHPLQLPXPYDOXHZDVIRXQGE\DVHWRI
SUHOLPLQDU\H[SHULPHQWVQRWSUHVHQWHGLQWKLVSDSHUDQGWKDWH[SHULPHQWVZHUHVWRSSHGZKHQQRVWDEOHFXWVZHUHREWDLQHG
 7UDYHOVSHHGD )RFXVRIIVHWD :RUNDQJOH 7UDYHO$QJOH 5HSHWLWLRQV 1XPEHURIFXWV
([SHULPHQW PPPLQVWHSV
RIPPPLQ
PPLQ
VWHSVRIPP
ż ż  

)LJ7KHLQWHQVLW\SURILOHRIWKHPRGLILHGEHDPZKHQSDVVHG
WKURXJKWKH'2(7KHLPDJHLVFDSWXUHGPPDZD\IURPWKH
EHDPZDLVW
)LJ7KHLQWHQVLW\SURILOHRIWKHXQPRGLILHGEHDPRIWKH,3*</6
VLQJOHPRGHILEHUODVHU7KHLPDJHZDVFDSWXUHGLQWKHEHDP
ZDLVW
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7KHIRFXVRIIVHWXVHGLQWKHDERYHWDEOHZDVGHILQHGDVWKHGLVWDQFHIURPWKHEHDPZDLVWRIWKHEHDPSDWWHUQWR
WKHWRSRIWKHVKHHW3UHOLPLQDU\H[SHULPHQWVLQGLFDWHGWKDWRQO\SRVLWLYHIRFXVRIIVHWVEHDPZDLVWDERYHZRUNSLHFH
VXUIDFHZDVRILQWHUHVWZLWKUHJDUGVWRFXWWLQJ
2.7. Experiment 2: Effects of travel and work angle on process stability 
7KHJRDORI WKH VHFRQGH[SHULPHQWVZDV WRGHWHUPLQH WKHHIIHFWRI WKHZRUNDQG WUDYHO DQJOHRQ UHPRWH'2(
FXWWLQJ VWDELOLW\ 7KH ZRUN DQG WUDYHO DQJOH ZDV DGMXVWHG XVLQJ WKH LQGXVWULDO URERW %\ GHILQLQJ D URERW WRRO
FDOLEUDWLRQIURPWKHURERW7&3WRWKHEHDPZDLVW7KHPLQLPXPGLDPHWHURIWKHEHDPSDWWHUQLWZDVSRVVLEOHWR
DGMXVW WKH ZRUN DQG WUDYHO DQJOH E\ PHDQV RI WKH URERW WHDFK SHQGDQW ZLWKRXW FKDQJLQJ WKH IRFXV RIIVHW 7KH
H[SHULPHQWDOSDUDPHWHUVXVHGIRUWKHVHFRQGH[SHULPHQWDUHVXPPDUL]HGLQ7DEOH
7DEOH7DEOHGHVFULELQJWKHSURFHVVSDUDPHWHUVIRUWKHVHFRQGH[SHULPHQW,WHPVPDUNHGDZHUHIRXQGIURPWKHILUVWVHWRIH[SHULPHQWV7KH
PDUNLQJELQGLFDWHVWKDWH[SHULPHQWVZHUHVWRSSHGZKHQQRVWDEOHFXWVZHUHREWDLQHG
 7UDYHOVSHHGD )RFXVRIIVHWD :RUNDQJOHE 7UDYHO$QJOHE 5HSHWLWLRQV 1XPEHURIFXWV
([SHULPHQW PPPLQ PP żLQVWHSVRIż żLQVWHSVRIż  
5HVXOWV
$V GLVFXVVHG LQ WKH GHVFULSWLRQ RI WKH H[SHULPHQWDO SURFHGXUH LQ VHFWLRQ  WZR VHWV RI H[SHULPHQWV ZHUH
FRQGXFWHG2QH LQYROYHG ILQGLQJ D SDUDPHWHUZLQGRZ IRU WUDYHO VSHHG DQG IRFXV RIIVHWZLWKLQZKLFK WKH UHPRWH
FXWWLQJSURFHVVFRXOGEHDFKLHYHGDQGRQHLQYROYHGWKHWDVNRIILQGLQJDSDUDPHWHUZLQGRZIRUWKHWUDYHODQGZRUN
DQJOH
3.1. Results from experiment 1 
7RILQGDQDSSURSULDWHVWDELOLW\ZLQGRZIRU WUDYHOVSHHGDQGIRFXVRIIVHW VHYHUDOH[SHULPHQWVZHUHFRQGXFWHG
ZLWKWUDYHOVSHHGVUDQJLQJIURPPPPLQWRPPPLQDQGZLWKIRFXVRIIVHWUDQJLQJIURPWRPP7KH
IRFXVRIIVHWZDVDGMXVWHGLQVWHSVRIPPDQGWKHWUDYHOVSHHGLQVWHSVRIPPPLQ)LJVDQGZHUHFUHDWHG
E\DSSO\LQJWKHDXWRPDWLFVWDELOLW\PHDVXUHPHQWV\VWHP)LJVKRZVWKHPLQLPXPVWDELOLW\REWDLQHGLQWKHWKUHH
)LJ7KHUHVXOWLQJPLQLPXPVWDELOLW\PHDVXUHVREWDLQHGLQWKH
UHSHWLWLRQVRIWKHILUVWH[SHULPHQW1RWLFHWKHODUJHVWDEOHUHJLRQLQ
WKHFHQWHURIWKHVWDEOHUHJLRQZKHUHVWDELOLW\PHDVXUHVRI
ZHUHREWDLQHGIRUDOOUHSHWLWLRQV
)LJ7KHUHVXOWLQJDYHUDJHVWDELOLW\PHDVXUHVREWDLQHGIRUWKH
UHSHWLWLRQVRIWKHILUVWH[SHULPHQW1RWLFHWKDWWKHUHJLRQRI
VWDELOLW\LVFRKHUHQWDQGRQO\GHJUDGHVWRZDUGVWKHH[WUHPHVRIWKH
SDUDPHWHUVSDFH
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)LJ7KHUHVXOWLQJDYHUDJHVWDELOLW\RIH[SHULPHQWZKHUHWKH
ZRUNDQGWUDYHODQJOHDUHYDULHGDQGWKHVWDELOLW\RIWKHSURFHVVLV
HYDOXDWHG
)LJ7KHUHVXOWLQJDYHUDJHVWDELOLW\RIH[SHULPHQWZKHQWKH
ILUVWH[SHULPHQWIURPHDFKSODWHKDVEHHQUHPRYHG
UHSHWLWLRQVRIUHPRWH'2(FXWWLQJ,WVKRXOGEHQRWHGWKDWWKHEODFNGRWVRQWKHILJXUHVLQGLFDWHDFWXDOPHDVXUHPHQWV
DQG WKH FRORUHG RYHUOD\ UHSUHVHQWV OLQHDU LQWHUSRODWLRQ EHWZHHQ WKHVH PHDVXUHPHQW SRLQWV  )LJ  VKRZV WKH
DYHUDJHVWDELOLW\RIWKHFXWWLQJSURFHVVIRUWKHWKUHHUHSHWLWLRQV$VWKLVILJXUHVKRZVWKHVWDELOLW\RIWKHFXWVURVHWR
LQDODUJHSDUWRIWKHSURFHVVZLQGRZ
,WFDQEHVHHQIURP)LJ WKDWPRVWFXWVFRQGXFWHGZLWKD WUDYHOVSHHGEHWZHHQDQGPPPLQZHUH
 VWDEOH ZKLFK PHDQV WKDW DOO UHSHWLWLRQV ZHUH FRPSOHWHO\ FXW WKURXJK 7KH UHVXOWLQJ UHJLRQ RI VWDELOLW\ LV
FRKHUHQW ZLWKRXW DQ\ GHFOLQH LQ LWV FHQWUDO SDUW $V GLVFXVVHG LQ VHFWLRQ  WKH WUDYHO VSHHG DQG IRFXV RIIVHW
SDUDPHWHUV\LHOGLQJWKHKLJKHVWVWDELOLW\VKRXOGEHXVHGIRUWKHVXEVHTXHQWH[SHULPHQWDOVHULHV2QWKHEDVLVRIWKH
UHVXOWVGLVSOD\HGLQ)LJDQG)LJWKHGHFLVLRQZDVPDGHWRSHUIRUPH[SHULPHQWZLWKDWUDYHOVSHHGRI
PPPLQDQGZLWKDIRFXVRIIVHWRIPP
3.2. Results of experiment 2 
7KHVHFRQGH[SHULPHQWLQYHVWLJDWHGWKHHIIHFWRIWKHLQFLGHQWDQJOHRIWKHEHDPRQSURFHVVVWDELOLW\7KHUHVXOWV
RIWKLVH[SHULPHQWFDQEHVHHQIURP)LJDQG)LJ)LJVKRZVWKHSURFHVVVWDELOLW\DVDIXQFWLRQRIWKHZRUN
DQGWUDYHODQJOH)URPWKLVILJXUHLWLVVHHQWKDWWKHVWDELOLW\RIWKHSURFHVVGHFUHDVHGZKHQSDVVLQJWUDYHODQJOHVRI
żZLWKFXWVEHLQJREWDLQDEOHZLWKWUDYHODQJOHVRIż:KHQFRQVLGHULQJZRUNDQJOHWKHGHFOLQDWLRQZDVKRZHYHU
PXFKOHVVSURQRXQFHG$V)LJVKRZVFXWVZHUHREWDLQHGZLWKDZRUNDQJOHRIDVPXFKDVżZKHQXVLQJWKH
EHDPSDWWHUQ,WVKRXOGEHQRWHGWKDWDQLQWHUHVWLQJRXWOLHULVORFDWHGFORVHWRWKHZRUNDQJOHFXWWLQJOLPLWLQ)LJ
)RUDZRUNDQJOHHTXDOWRżDOLQHRIVWDELOLW\FDQEHREVHUYHG7KHDUHDRIVWDELOLW\FDQEHVHHQIRU
 WUDYHODQJOHPHDVXUHPHQWV żíżZLWK UHSHWLWLRQV ,QRWKHUZRUGV LW LVTXLWHXQOLNHO\ WKDW WKH\RULJLQDWHG
IURPVWDWLVWLFDO IOXFWXDWLRQV2QHFRXOGDUJXH WKDW WKHQRQURXQGEHDPXVHG LQ WKLVSDSHU FUHDWHV DYHU\FRPSOH[
PHOW IORZ DURXQG WKH JHQHUDWHG NH\KROHV )XUWKHUPRUH WKH SXOVHGPRGH RI RSHUDWLRQ XVHG LQ WKHVH H[SHULPHQWV
FRXOGLQGXFHDQGDPSOLI\WKHQDWXUDOPHOWRVFLOODWLRQVLQWKHNHUIFDXVHGE\WKHDQJXODUGHSHQGHQF\RIWKHDEVRUEHG
LQWHQVLW\ DV GHVFULEHG LQ 2OVHQ  7KLV FRXOG LQGLFDWH WKDW XQH[SHFWHG DUHDV ZLWK JRRG PHOW HMHFWLRQ
FKDUDFWHULVWLFV FRXOG DULVH LQ DUHDVZKHUH WKHVH FRXSOHG HIIHFWV LQWHUDFWZLWK HDFK RWKHU EHQHILFLDOO\+RZHYHU D
FDXVH IRU WKHRXWOLHUKDVQRWEHHQIRXQGDQG LWGLVDSSHDUVZKHQDZRUNDQJOHRIż LV UHDFKHG)XUWKHU UHVHDUFK
FRXOG LQYHVWLJDWH WKLV XQH[SHFWHG µVZHHW VSRW¶ WR VHH LI D ż SURMHFWLRQRI WKH FXWWLQJEHDPSDWWHUQ FRXOG HQWDLO
EHWWHUFXWVWDELOLW\$OVRLWFRXOGEHLQYHVWLJDWHGLIFKDQJLQJSURFHVVLQJSDUDPHWHUVVXFKDVGXW\F\FOHFKDQJHVWKH
SRVLWLRQDQGVL]HRIWKLVDUHD
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'XULQJ WKH FRXUVH RI WKLV H[SHULPHQWDO LQYHVWLJDWLRQ WKHUH ZDV D VOLJKW WHQGHQF\ IRU WKH ILUVW FXW LQ WKH 
UHSHWLWLRQVWRSHUIRUPVOLJKWO\GLIIHUHQWO\ZLWKUHJDUGVWRVWDELOLW\WKDQWKHVXEVHTXHQWH[SHULPHQWV7RLQYHVWLJDWH
WKLV WKHVWDQGDUGGHYLDWLRQVRIHDFKGDWDSRLQWZHUHFDOFXODWHGIRUDOOUHSHWLWLRQVDQGFRPSDUHG WR WKHVWDQGDUG
GHYLDWLRQRIWKHODVWUHSHWLWLRQVWRGHWHUPLQHLIWKHILUVWH[SHULPHQWLQWURGXFHGDODUJHUYDULDQFHLQWKHGDWD7KHVH
WZRSORWVFDQEHVHHQLQ)LJVDQGDQGWKHGLIIHUHQFHEHWZHHQWKHPLVSUHVHQWHGLQ)LJ)URP)LJLW
FDQEHVHHQWKDWWKHGLIIHUHQFHLVPRVWSURQRXQFHGLQWKHORZDQJOHUHJLRQVZKHUHWKHSUHVHQFHRIWKHILUVWVDPSOH
LQFUHDVHV WKH YDULDQFH ,W LV DVVXPHG WKDW WKLV LV FDXVHGE\ WKHUPDO OHQVLQJ LQ WKH GLIIUDFWLYH RSWLFDO HOHPHQW7R
FRUUHFWWKHREWDLQHGUHVXOWVLQ)LJWKHVWDELOLW\YDOXHRIWKHILUVWUHSHWLWLRQLVUHPRYHGDQGWKHDYHUDJHVWDELOLW\
YDOXHLVUHFDOFXODWHG7KHUHVXOWVIURPWKHVHUHFDOFXODWLRQVFDQEHVHHQIURP)LJ7KHUHVXOWLQJSORWVKRZVKLJKHU
VWDELOLW\LQWKHORZDQJOHUHJLRQVDVLQGLFDWHGE\)LJV
3.3. Comparing experiment 1 to RFC results 
,Q9LOOXPVHQHWDOLWLVLQYHVWLJDWHGKRZWKHWUDYHOVSHHGIRFXVRIIVHWDQGDQJOHRILQFLGHQFHDIIHFWVWKH
VWDELOLW\RIWKH5)&$VDOOH[SHULPHQWVZHUHFRQGXFWHGRQWKHVDPHH[SHULPHQWDOVHWXSXVHGLQWKLVSDSHUH[FHSW
IRUWKHSUHVHQFHRIWKH'2(DGLUHFWFRPSDULVRQEHWZHHQUHPRWH'2(FXWWLQJDQG5)&FDQEHPDGH)LJVKRZV
FRPELQHGVWDELOLW\SORWIRUWKHWZRSURFHVVHV,WKDVWZRDUHDVRIVWDELOLW\RQHIURP5)&DQGRQHIURPUHPRWH'2(
FXWWLQJ )URP WKLV ILJXUH LW FDQ EH VHHQ WKDW WKH OHYHO RI VWDELOLW\ IRU FXWV REWDLQHGZLWK UHPRWH'2( FXWWLQJ LV
JHQHUDOO\ KLJKHU WKDQ WKH VWDELOLW\ DFKLHYHGZLWK5)&)XUWKHUPRUH WKH DUHD RI VWDELOLW\ LVPXFKPRUH FRKHUHQW
+RZHYHU WKH LQFUHDVH LQ VWDELOLW\ FRPHV DW WKH FRVW RI WUDYHOOLQJ VSHHG ZKLFK LV DSSUR[LPDWHO\  RI WKH
WUDYHOOLQJ VSHHG RI 5)& FXWV   ,W VKRXOG EH QRWHG WKDW 5)& FXWV ZHUH XQREWDLQDEOH IRU VORZHU VSHHGV WKDQ
PPPLQ9LOOXPVHQHWDOGHWHUPLQHGWKHOLPLWIRUUHPRWHIXVLRQFXWWLQJ5)&WREHżZKHQXVLQJWKH
IXOON:ODVHUSRZHU+RZHYHUWKHRYHUDOOVWDELOLW\OHYHOIRU5)&ZDVPXFKORZHUDQGżZDVVHHQDVWKHOLPLWWR
ZKHUHFXWVZHUHSRVVLEOH)RUUHPRWH'2(FXWWLQJLWZDVGLVFXVVHGWKDWWKHVWDELOLW\GHFUHDVHGZKHQSDVVLQJWUDYHO
DQJOHVRIżZLWKFXWVEHLQJREWDLQDEOHZLWKWUDYHODQJOHVRIż7KHGLIIHUHQFHEHWZHHQWKHVWDELOLW\RIWKHWZR
SURFHVVHVPXFKPRUHSURQRXQFHGZKHQLWFRPHVWRWKHZRUNDQJOH9LOOXPVHQHWDOGHWHUPLQHGWKDWWKHZRUN
DQJOHOLPLWDWLRQIRU5)&ZDVLGHQWLFDOWRWKHWUDYHODQJOHOLPLW)RU5HPRWH'2(FXWWLQJFXWVZHUHREWDLQHGZLWKD
ZRUNDQJOHRIDVPXFKDVż
)XUWKHUPRUHLWZDVLQ9LOOXPVHQHWDOQRWHGWKDWWKHUHSHDWDELOLW\RIWKHLU5)&H[SHULPHQWVZHUHYHU\ORZ
ZLWKWKHFKRVHQHTXLSPHQW7KLVWHQGHQF\ZDVQRWREVHUYHGIRUUHPRWH'2(FXWWLQJ)LQDOO\LWVKRXOGEHQRWHGWKDW
WKHUHPRWH'2(FXWVSUHVHQWHGLQWKLVSDSHUZHUHDOOFRQGXFWHGZLWKDQDYHUDJHSRZHURI:,QFRQWUDVW5)&
UHTXLUHGWKHIXOON:&:EHDP


)LJ7KHVWDQGDUGGHYLDWLRQRIWKHFXWV
ZKHQDOOUHSHWLWLRQVDUHLQFOXGHG
)LJ7KHVWDQGDUGGHYLDWLRQRIWKHFXWV
ZKHQWKHILUVWFXWLVUHPRYHG
)LJ7KHGLIIHUHQFHLQVWDQGDUGGHYLDWLRQ
EHWZHHQ)LJDQG)LJ
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